Our goal was to quantify mitochondrial and plasma potential (⌬m and ⌬p) based on the disposition of rhodamine 123 (R123) or tetramethylrhodamine ethyl ester (TMRE) in the medium surrounding pulmonary endothelial cells. Dyes were added to the medium, and their concentrations in extracellular medium ([Re]) were measured over time. R123 [Re] fell from 10 nM to 6.6 Ϯ 0.1 (SE) nM over 120 min. TMRE [Re] fell from 20 nM to a steady state of 4.9 Ϯ 0.4 nM after ϳ30 min. Protonophore or high K ϩ concentration ([K ϩ ]), used to manipulate contributions of membrane potentials, attenuated decreases in [Re], and P-glycoprotein (Pgp) inhibition had the opposite effect, demonstrating the qualitative impact of these processes on [Re]. A kinetic model incorporating a modified Goldman-Hodgkin-Katz model was fit to [R e] vs. time data for R123 and TMRE, respectively, under various conditions to obtain (means Ϯ 95% confidence intervals) ⌬m (Ϫ130 Ϯ 7 and Ϫ133 Ϯ 4 mV), ⌬p (Ϫ36 Ϯ 4 and Ϫ49 Ϯ 4 mV), and a Pgp activity parameter (KPgp, 25 Ϯ 5 and 51 Ϯ 11 l/min). The higher membrane permeability of TMRE also allowed application of steady-state analysis to obtain ⌬m (Ϫ124 Ϯ 6 mV). The consistency of kinetic parameter values obtained from R123 and TMRE data demonstrates the utility of this experimental and theoretical approach for quantifying intact cell ⌬m and ⌬p. Finally, steady-state analysis revealed that although room air-and hyperoxia-exposed (95% O2 for 48 h) cells have equivalent resting ⌬m, hyperoxic cell ⌬m was more sensitive to depolarization with protonophore, consistent with previous observations of pulmonary endothelial hyperoxia-induced mitochondrial dysfunction. mathematical modeling; rhodamine 123; tetramethylrhodamine ethyl ester; multidrug transporter P-glycoprotein; hyperoxia PULMONARY ENDOTHELIAL mitochondrial and plasma membrane potentials (⌬ m and ⌬ p , respectively) are implicated in bioenergetic, metabolic, and signaling processes contributing to normal lung function and in injury (16, 24, 33, 54, 67, 69) . In most eukaryotic cells, ⌬ m is the major component of the mitochondrial electrochemical transmembrane potential and, as such, is involved in pulmonary endothelial mitochondrial ATP generation, regulation of calcium homeostasis, apoptosis, nitric oxide signaling, and other functions (19, 58, 60, 61) . Dissipation of ⌬ m is considered a hallmark of mitochondrial dysfunction in diverse cell types, including pulmonary endothelial cells exposed to oxidative stresses and bleomycin (24, 33, 43, 54, 69) . On the other hand, pulmonary endothelial ⌬ p is implicated in regulating channel-mediated calcium entry as a key signaling response to mechanical stimuli, vasoactive substances, oxidative stress, ischemia, and hypoxia (14, 17, 31, 49, 59, 67, 70) . Thus the ability to quantify ⌬ m and ⌬ p is important for characterization of mechanisms underlying pulmonary endothelial responses to injury and adaptation and for evaluation of the utility of therapeutics directed at restoration of normal metabolic, signaling, and bioenergetic function.
dysfunction in diverse cell types, including pulmonary endothelial cells exposed to oxidative stresses and bleomycin (24, 33, 43, 54, 69) . On the other hand, pulmonary endothelial ⌬ p is implicated in regulating channel-mediated calcium entry as a key signaling response to mechanical stimuli, vasoactive substances, oxidative stress, ischemia, and hypoxia (14, 17, 31, 49, 59, 67, 70) . Thus the ability to quantify ⌬ m and ⌬ p is important for characterization of mechanisms underlying pulmonary endothelial responses to injury and adaptation and for evaluation of the utility of therapeutics directed at restoration of normal metabolic, signaling, and bioenergetic function.
While various techniques have been reported for evaluating ⌬ m in different cell types, a typical approach has been to use cationic fluorescent dyes that accumulate in the mitochondrial matrix driven by the voltage gradient across the inner mitochondrial membrane (22, 26, 56, 58, 64) . Such studies generally have involved measurements of fluorescence intensity within cells or isolated mitochondria. Because such measurements are easily confounded by the propensity of the dyes to undergo self-aggregation, quenching, and photobleaching and/or to exert phototoxic effects, the outcomes have been predominantly confined to qualitative changes in ⌬ m (22, 26, 28, 56, 58, 64) . In addition, the vast majority of studies have involved mitochondrial isolation, cell permeabilization, or other conditions that have little relevance for intact cells; yet, when intact cells have been studied, the contributions of processes other than ⌬ m [e.g., the multidrug transporter Pglycoprotein (Pgp) and/or ⌬ p ] to dye disposition have often been overlooked (6, 21, 26, 46, 68) . Patch clamping, perhaps considered the gold standard for measuring ⌬ m , also involves cell disruption (1, 14, 29, 31, 62) . The general focus of our research has been the impact of the pulmonary endothelium on the disposition of redox-active and other compounds within the extracellular medium of cells in culture or in perfusate that has passed through the isolated perfused lung (3-5, 12, 35, 39 ). An advantage of this approach is that it is applicable to intact cells and organ preparations and, therefore, is generally nondestructive. For pulmonary endothelial cells in culture, we have found it useful to exploit a microcarrier bead preparation consisting of confluent monolayers of pulmonary endothelial cells cultured on polystyrene microcarrier beads (150 -300 m diameter). The cell-coated beads can be suspended in medium containing the substance of interest, and the impact of cellular metabolic and other processes on the disposition of the substance within the medium can be evaluated. The key advantage of this preparation is that a relatively large cell surface area can be studied in a relatively small volume of medium compared with cells grown on culture dishes, without the use of enzymatic or mechanical disruption to remove the cells from the culture surface.
An important and challenging issue is that since such an approach involves intact cells (or perfused lung), it is not an infrequent occurrence that more than process (e.g., enzyme, transporter, and binding site) is implicated in altering the dispositions of compounds under study. In such cases, inhibitors are used to provide discriminating data relevant to these processes, and kinetic modeling is used to interpret such data and obtain values for kinetic parameters descriptive of the individual processes involved. Using this overall strategy, we have studied the impact of pulmonary endothelial cells on a variety of redox-active and other substances (4, 12, 13, 38, 40, 41) . The studies have revealed the wide range of pulmonary endothelial redox enzymes and other processes capable of influencing the metabolism, redox status, and disposition of compounds carried in the blood.
Thus the goal of the present study was to apply this general strategy to develop a means to quantify pulmonary endothelial ⌬ m and ⌬ p using two common membrane potential-sensitive cationic fluorescent dyes, rhodamine 123 (R123) and tetramethylrhodamine ethyl ester (TMRE). The overall approach was to focus on the impact of the pulmonary arterial endothelial cells in culture on the extracellular concentrations of the dyes under a range of experimental conditions designed to separate the contributions of ⌬ m , ⌬ p , and Pgp to the net effect of the cells on the dyes. A kinetic model was developed to interpret the data and to obtain parameter values for ⌬ m , ⌬ p , and Pgp for both dyes. R123 and TMRE were selected because, whereas TMRE is more cell membrane-permeable than R123, both have relatively strong fluorescence quantum yields, have sensitivity to changes in the cellular environment, and undergo membrane potential-dependent changes in distribution across the mitochondrial and plasma membranes (21, 22, 32, 58, 64) . Thus one concept was that the utility of the proposed approach for quantifying ⌬ m and ⌬ p in pulmonary arterial endothelial cells would be revealed by the consistency of the parameter values obtained from the studies with two dyes that have both distinct and common properties. Endothelial cell culture. Bovine pulmonary arterial endothelial cells were isolated from segments of calf pulmonary artery obtained from a local slaughterhouse and cultured to confluence on gelatincoated (2% vol/wt) Biosilon (polystyrene) microcarrier beads (230 m mean diameter, 160 cm 2 /ml beads), as previously described (12, 41) . The control cells were grown in room air; hyperoxia-exposed cells were subjected to 95% O 2-5% CO2 for 48 h, as previously described (36, 37) .
Glossary
General experimental protocols. For experiments with R123 or TMRE, settled confluent cell-coated beads (ϳ0.40 ml, ϳ59 cm 2 cell surface area) or confluent cell-coated beads (ϳ0.17 ml, ϳ28 cm 2 cell surface area), respectively (128,000 cells/cm 2 surface area), were washed free of the culture medium by resuspension in HBSS containing 5.5 mM glucose and 10 mM HEPES (HBSS-HEPES), pH 7.4, warmed to 37°C, as previously described (41) . The cell-coated beads were allowed to settle for ϳ15 s, the supernatant was discarded, and the washing procedure was repeated two more times. The washed cell-coated beads were resuspended in 10 ϫ 10 ϫ 48 mm acrylic fluorometric cuvettes containing 2.5 or 3.0 ml of HBSS-HEPES at 37°C ("control medium") and R123 or TMRE (10, 30, and 100 nM). Immediately, the beads were allowed to settle to the bottom of the cuvette, and the fluorescence intensity in the medium above the settled cell-coated beads was measured (for R123, excitation at 490 nm, emission at 525 nm; for TMRE, excitation at 530 nm, emission at 573 nm) using a luminescence spectrometer (model LS55, Perkin Elmer). The dye concentrations in the extracellular medium ([R e]) were calculated from a standard curve prepared on the same day in the same medium used in cell experiments. After the initial measurements (t ϭ 0 min), the cell-coated bead suspension was placed on a Nutator mixer at 37°C. Periodically, the mixing was stopped, the cell-coated beads were allowed to settle to the bottom of the cuvette, and fluorescence intensity in the medium above the settled beads was measured. The same protocol was also carried out using the protonophore CCCP (0.1, 0.2, 0.3, and 5 M), high K ϩ (138 mM KCl/5 mM NaCl), and/or GF-120918 (2.5 M) and in the absence of cells, the latter to determine the contribution of nonspecific dye interactions with the plasticware.
Additional measurements. To assess cellular viability, total cellular and medium lactate dehydrogenase (LDH) activities were measured at the end of each experiment to determine percent LDH release into the medium, as previously described (41) . Cell protein was measured using the Bio-Rad protein assay, and cell bead weights were obtained by drying and weighing the beads at the end of each experiment (41) .
Microcarrier bead surface area, cell protein, cell protein per square centimeter of cell culture area, and percent total cell LDH released into the medium at the end of the experiments, expressed as means Ϯ SE, for all R123 experiments combined were 59.00 Ϯ , and 2.68 Ϯ 0.20% (n ϭ 68), respectively. There were no detectable differences between values for these parameters in control and experimental groups containing treatments (P Ͼ 0.05). Figure 1 shows R123 and TMRE concentrations in the medium ([R e ]) surrounding the pulmonary arterial endothelial cell-coated beads, normalized to the initial dye concentrations. In the presence of the cells, the normalized [R e ] for both dyes decreased throughout their respective incubation periods in a manner that was independent of dye concentration. For R123, the normalized [R e ] fell continually throughout the 120-min incubation period (Fig. 1A) . For TMRE, it reached a steady state within ϳ30 min that was maintained throughout the 60-min incubation period (Fig. 1B) . The decreases in the normalized [R e ] over time were cell-dependent, since there was relatively very little change in the absence of cells (Fig. 1, A  and B) . Thus the decreases in dye concentration in the extracellular medium were interpreted as dye uptake by the cells.
RESULTS
Uptake of TMRE was more rapid than uptake of R123, because TMRE is more highly cell membrane-permeant (21, 32) . Accordingly, [R e ] for TMRE reached steady state more rapidly than [R e ] for R123, thereby allowing the time course for TMRE studies to be shorter. We also used fewer cells (i.e., a lower cell-coated bead surface area) for TMRE than for R123 studies (28 vs. 59 cm 2 confluent cell-coated beads), because if we used the higher number for TMRE also, the cellular uptake Table 1 parameter values. of TMRE would be so extensive that [R e ] would rapidly approach zero, decreasing the sensitivity (i.e., dynamic range) of the measurement to experimental manipulation. On the other hand, if we used the lower surface area for the R123 studies, the time course required to obtain data sufficient for interpretation would be too long to be consistent with high cell viability. The dye concentrations selected for further study were within the linear dye concentration vs. fluorescence intensity range, i.e., below the aggregation threshold concentration for both dyes (10 nM for R123 and 20 nM for TMRE; data not shown) (21, 26) .
The next step was to separate the contributions of ⌬ m , ⌬ p , and Pgp to the net effect of the cells on [R e ]. The approach was to use the protonophore CCCP, high K ϩ , or GF-120918. CCCP was primarily directed at dissipation of ⌬ m and high K ϩ at ⌬ p (1, 9, 16, 17) . GF-120918 was used as the Pgp inhibitor (53, 63) .
Previously, 5 M CCCP was used to target the mitochondrial respiratory chain in cerebral microvascular endothelial cells (9) . The high K ϩ concentration was used to accomplish complete ⌬ p depolarization, as specified by the Nernst equation and as used for simultaneous determination of cell membrane potentials using microscopic measurements of rhodamine dyes (23, 25) . Our use of 2.5 M GF-120918 was based on our previous studies demonstrating that the maximum effect of GF-120918 on rhodamine 6G accumulation in the perfused rabbit lung was attained at 2 M (53).
As shown in Fig. 2 , the effects of the treatments on the [R e ] vs. time progress curves for R123 and TMRE were qualitatively similar but quantitatively different. In general, CCCP and high K ϩ attenuated the fall in [R e ] for both dyes, whereas GF-120918 had the opposite effect (Fig. 2) . The overall implication was that dissipation of ⌬ m or ⌬ p with CCCP or high K ϩ , respectively, decreased the extent of dye uptake by the cells. On the other hand, Pgp inhibition had the apparent effect of increasing dye uptake, but this was presumably via blockade of dye release from the cells (30, 68) .
In Fig. 3 , A and C, [R e ] vs. time for R123 and TMRE was measured for control and CCCP-treated cells. As in Fig. 2 , the fall in [R e ] for R123 and TMRE was attenuated in the presence of CCCP. In Fig. 3 , B and D, CCCP was added to control cells and cells that had been treated with CCCP from the beginning of the experiment. The latter was to control for any effect of experimental time course on the addition of CCCP.
For the control cells that had been allowed to accumulate the dyes in the absence of CCCP, [R e ] increased when CCCP was added, approaching that for cells that had been treated with CCCP from the beginning of the experiment (Fig. 3, B and D) . That is, CCCP not only blocked dye uptake by the cells if it was present from the beginning of the experiments, it also caused cell-accumulated dye to be released into the medium. TMRE is taken up more rapidly and to a proportionately greater extent by control cells than is R123, as also seen in Fig. 2 . In addition, when CCCP was added to cells that had already accumulated dye, efflux into the medium from the cells was more rapid for TMRE than for R123, as reflected in the more rapid increase in [R e ] for TMRE than for R123 (Fig. 3, B and D) .
The data in Figs. 2 and 3 imply that ⌬ m , ⌬ p , and Pgp contributed to the net effect of the cells on [R e ] for R123 and TMRE. Since kinetic model parameters cannot be estimated from a single data set or experimental condition, we designed an experimental data set to contain sufficiently discriminating data to break correlations between effects of ⌬ m , ⌬ p , and Pgp on [R e ]. Figure 4 shows the effects of progressive, cumulative elimination of Pgp, ⌬ p , and ⌬ m on the [R e ] vs. time progress curves for R123 and TMRE, using GF-120918 only, GF-120918 ϩ high K ϩ , or GF-120918 ϩ high K ϩ ϩ CCCP. To take into account the possibility that CCCP might also depolarize ⌬ p , an additional study was carried out. Figure 5 shows the impact of CCCP on [R e ] for R123 or TMRE in the presence of GF-120918 and the absence of high K ϩ . Under these conditions, which include blocking any effect of Pgp, and without the high K ϩ that would depolarize ⌬ p , any impact of CCCP on ⌬ p should be unmasked.
Data analysis. A mathematical model was developed to quantify the contributions of ⌬ m , ⌬ p , and Pgp to [R e ] for R123 and TMRE. The model includes three regions, the extracellular medium, cytoplasm, and mitochondrial matrix, with volumes V e , V c , and V m , respectively (Fig. 6) . The dye flux across plasma (J 1 ) or inner mitochondrial membrane (J 2 ) is represented by a modified one-dimensional Goldman-Hodgkin-Katz equation (26) . Because the fractional loss of dye from the extracellular medium in Fig. 1 is dose-independent, Pgpmediated dye efflux from V c to V e is hypothesized to follow linear kinetics (32) . Moreover, the model allows for slowly equilibrating nonspecific dye interactions with the cuvette (B e ) within V e and rapidly equilibrating nonspecific dye interactions with binding sites B c and B m within V c and V m , respectively. Then variations in dye concentrations in V e , V c , and V m with time are described by the ordinary differential equations
where at 37°C is a constant dependent on the universal gas constant (R), Faraday constant (F), dye valence (Z), and absolute temperature (T) (26); K Pgp (ml/min) is Pgp-mediated dye release from the cells; P 1 S 1 (ml/min) and P 2 S 2 (ml/min) are products of dye permeabilities (P) across plasma and mitochondrial membranes, respectively, and the surface areas (S) of these membranes; and Although typically thought of as a mitochondrial uncoupler, the protonophore carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP) depolarizes bovine aortic endothelial and cultured neuronal cell ⌬ p in a concentration-dependent manner (46, 50) . Because CCCP is also an uncoupling protonophore and 5 M CCCP used in our study is in the range reported for the FCCP-induced plasma membrane depolarization, we used model simulations to evaluate whether CCCP might have such an effect in the present study (not shown). We found an effect of CCCP on [R e ] for both dyes that was greater than could be accounted for solely by dissipation of only ⌬ m , as described by the empirical equation
where (1 Ϫ ␦) is the ⌬ p fraction dissipated by CCCP and is the associated time constant (min), such that, in the absence of CCCP, ␦ ϭ 1 and ⌬ p ϭ ⌬ p .
To break the high correlation between V 2 and ⌬ m in the model, the ratio V 2 /V 1 was set to 0.02, consistent with a lower bound measured for this ratio in rat pulmonary endothelium (48) . Then, ⌬ m , ⌬ p , V 1 , K Pgp , P 1 S 1 , P 2 S 2 , ␦, , k 1 , and k Ϫ1 are the unknown model parameters. The model-governing differential equations were solved numerically using the MATLAB (MathWorks) function "ode45," which is based on an explicit Runge-Kutta formula.
Estimation of model parameters. In the absence of cells,
where [R e ] 0 is the initial (t ϭ 0) dye concentration and [R e ](t) is the concentration at time t. Fitting Eq. 8 to the without-cell data in Fig. 1 gives k 1 and k Ϫ1 of 4.3 ϫ 10 Ϫ3 and 8.9 ϫ 10 Ϫ2 min Ϫ1 , respectively, for R123 and 7.9 ϫ 10 Ϫ3 and 5.4 ϫ 10 Ϫ2 min Ϫ1 , respectively, for TMRE. The fitting procedure was implemented in MATLAB using the function "lsqcurvefit," which solves a nonlinear curve-fitting problem in the leastsquares sense using the Levenberg-Marquardt algorithm.
Estimation of the values of model parameters descriptive of the contributions of membrane potentials and Pgp to changes in [R e ] vs. time requires a collection of data sets that provides sufficiently discriminating information about these cellular processes. Thus, for each dye, the values of ⌬ m , ⌬ p, V 1 , K Pgp , P 1 S 1 , and P 2 S 2 were obtained by fitting the solution of Eqs. 1-4 simultaneously to the mean [R e ] vs. time data in Fig.  4 . The hypothesis was that ⌬ m , ⌬ p , and K Pgp could be set to zero in the presence of CCCP, high K ϩ , or GF-120918, respectively. In addition, it was hypothesized that, in the presence of CCCP ϩ high K ϩ , any effect of CCCP on ⌬ p would be negligible, allowing ␦ to be set to 1 in Eq. 7. The parameter values and the 95% confidence intervals (CI) are Fig. 6 . Schematic representation of kinetic model of disposition of R123 or TMRE in pulmonary arterial endothelial cells and extracellular medium. Ve, Vc, and Vm, volumes of medium, cytoplasm, and mitochondrial matrix, respectively; Re, Rc, and Rm, free R123 or TMRE concentrations in medium, cytoplasm, and mitochondrial matrix, respectively. Within medium, dyes participate in nonspecific binding interactions with fluorometric cuvette (Be). Dyes also participate in nonspecific rapidly equilibrating interactions with binding sites Bc and Bm within Vc and Vm, respectively. RcBc and RmBm, concentrations of bound dye in cytoplasm and mitochondrial matrix, respectively; J1 and J2, dye fluxes across plasma cell membrane and inner mitochondrial membrane, respectively; ⌬m and ⌬p, mitochondrial and plasma membrane potential, respectively; KPgp, conductance of P-glycoprotein (Pgp)-mediated dye release from cells. given in Table 1 (10) . Data in Fig. 4B do not have sufficient temporal resolution to provide a value for P 2 S 2 for TMRE other than an upper bound set in the nonlinear regression algorithm.
The means Ϯ 95% CI for the parameters ␦ and were determined to be 0.25 Ϯ 0.02 and 2.3 Ϯ 0.7 min, respectively, by fitting the solution of model Eqs. 1-4 to the GF-120918 ϩ CCCP data for TMRE in Fig. 5B , with K Pgp and ⌬ m set to zero and with ⌬ m and other parameters set to the values shown in Table 1 . Model simulations revealed that the effect of CCCP on ⌬ p is more apparent in the presence of GF-120918 than for any other experimental condition studied.
Model simulations based on Eqs. 1-4 revealed that increasing or decreasing V 2 /V 1 by 50% changed ⌬ m by ϩ10 and Ϫ18 mV, respectively, consistent with previous estimates of the sensitivity of ⌬ m to V 2 /V 1 (44) . Model simulations further demonstrated that values for ⌬ p and K Pgp are insensitive to changes in V 2 /V 1 .
Model predictions (validation).
The kinetic model was evaluated by testing its ability to predict [R e ] under experimental conditions that were not used for estimating model parameters in Table 1 . The values in Table 1 were used to generate model predictions for data sets in Figs. 2, 3 , and 5. The values for ␦ and , which quantify a time-dependent CCCP-mediated ⌬ p depolarization, obtained from the TMRE data in Fig. 5B , were used to predict the effect of CCCP on the R123 [R e ] vs. time curve in the presence of CCCP ϩ GF-120918 (Fig. 5A ). That this prediction was a reasonable explanation of the R123 CCCP ϩ GF-120918 data provided support for the hypothesis of a depolarizing effect of CCCP on ⌬ p under the study conditions. (Fig. 7, B-E) . Figure 7 , A and E, shows that the steady-state [R e ] is nearly the same for hyperoxia-exposed and control cells in the absence of CCCP and at the highest CCCP concentration (5 M). However, at intermediate CCCP concentrations, the steady-state [R e ] is higher for hyperoxia-exposed than control cells (Fig. 7, B-D) . Figure 8 shows the ⌬ m for control and hyperoxia-exposed cells calculated from Eq. 9 and the Fig. 7 [R e ] vs. time data at each CCCP concentration. As anticipated from Fig. 7 , the resting ⌬ m are not detectably different, but the hyperoxiaexposed cell ⌬ m is more sensitive to the depolarizing effects of uncoupling with CCCP.
DISCUSSION
The present study was based on the general hypothesis that changes in the concentrations of rhodamine dyes in the medium surrounding the intact pulmonary arterial endothelial cells ([R e ]) would be sensitive to perturbations in ⌬ m and ⌬ p . The study reveals that the observed changes in extracellular dye disposition in response to the perturbations were highly predictable on the basis of previous measurements of intracellular rhodamine dye disposition using the same or very similar kinds of perturbations, albeit in different cell types (23) . Taken together with the knowledge that such intracellular dye measurements had been used to quantify ⌬ m and ⌬ p , our 8 . Hyperoxia-exposed cell ⌬m is more sensitive to CCCP-induced depolarization than control (room air-exposed) cell ⌬m. Symbols represent values for ⌬m obtained using steady-state TMRE data from Fig. 7 and Eq. 9. *Significantly different from control values at the same CCCP concentration, P Ͻ 0.05 (by t-test).
reasoning was that the extracellular dye concentration vs. time kinetic data would also contain this quantitative information.
A key challenge in unlocking this quantitative information was that the net effect of the cells on the rhodamine dye concentrations in the medium involved multiple interacting processes. A general strategy in this situation is to use inhibitors and treatment conditions to provide discriminating data relevant to these processes and kinetic modeling to obtain values for kinetic parameters descriptive of the individual processes involved. We used a variety of treatment conditions and inhibitors to target the processes hypothesized to be involved in dye disposition and a computational model to interpret the data.
Computational modeling provides an integrated framework for quantifying the qualitative features of the data, as well as a means to evaluate mechanistic hypotheses regarding the processes that produce the data (11) . Generally speaking, computational models make use of physical laws (e.g., mass balance) together with existing models of subsystems (e.g., the Goldman-Katz equation) to describe the interactions among the components of a more complex system (e.g., intact cells) (11) . Our model incorporates mass balance, the Goldman-Katz equation, and linear kinetics to describe the cellular disposition of the rhodamine dyes within the cells and the medium. The model is distinct from, and complementary to, certain existing models for evaluating cell membrane potentials, in that it allows for contributions of additional cellular processes to dye disposition (e.g., Pgp), utilizes extracellular dye concentration data (rather than microscopic measurements of intracellular dye), and takes advantage of an entire intact cell population (instead of individual cells or isolated mitochondria) (64) .
In general, model parameters cannot be estimated from a single data set or experimental condition (4, 39) . Instead, a diverse set of experimental protocols are needed to provide sufficiently discriminating data to break correlations between the contributing processes. In the present study, the data sets used to obtain the parameter values consist of concentration data for two different dyes under four experimental conditions as a function of time (Fig. 4) . The model provided a good fit to the data for the two different dyes, and the values obtained for ⌬ m and ⌬ p were consistent for the two dyes. They were also consistent with values reported for pulmonary arterial endothelial cells in culture using an array of other approaches (see below). Since the values representing Pgp activity (K Pgp ) and dye permeability-surface area product (PS) are determined by physical and chemical properties of the dyes, rather than by intrinsic properties of the cells, they are not expected to be the same for R123 and TMRE. However, as anticipated from the reported higher cell membrane permeability of TMRE, the values of P 1 S 1 and P 2 S 2 (normalized to cell surface area) for TMRE are higher than those for R123 (Table 1) (21, 32) .
To our knowledge, the values for ⌬ m of Ϫ130 Ϯ 7 and Ϫ133 Ϯ 4 mV (means Ϯ 95% CI) using R123 and TMRE, respectively, obtained in the present study are the first quantification of ⌬ m for bovine pulmonary artery endothelial cells in culture. Previous studies of bovine aortic endothelial cells using the potential-sensitive triphenylphosphonium ion yielded a ⌬ m of Ϫ220 mV (47) . However, it is difficult to make a comparison, because the latter studies involved isolated mitochondria under hyperpolarizing conditions (e.g., in the presence of oligomycin) (47).
The study further showed that steady-state analysis of TMRE data can be used to obtain values for ⌬ m that were consistent with the values obtained from transient kinetic R123 and TMRE data. An application of the steady-state approach to quantify the impact of hyperoxic exposure on pulmonary endothelial ⌬ m was demonstrated and, to our knowledge, provides the first quantitative assessment of the impact of an oxidative stress on pulmonary endothelial cell ⌬ m . Hyperoxic exposure was selected as the stress, because elevated oxygen is the most common treatment for respiratory failure, yet it is injurious to the lung, with endothelial cells being a prime target (18, 42) .
For the hyperoxia-exposed cells, resting ⌬ m was not detectably different from control cells, but hyperoxia-exposed cell ⌬ m was more sensitive to depolarization via uncoupling. It should be emphasized that the effect of hyperoxic exposure on pulmonary endothelial mitochondria would not have been revealed by measuring only the resting ⌬ m or using only a single commonly used CCCP concentration (5 M) to depolarize the mitochondria. Various indications of mitochondrial dysfunction have been reported by us and others in hyperoxiaexposed rat lung, pulmonary endothelial cells in culture, and other cell types (2, 3, 5, 7, 8, 36, 37, 51, 57) . In this context, the present observations are consistent with a hyperoxia-induced mitochondrial deficiency.
Previous methods for evaluating stimulation-or stress-induced alterations in pulmonary endothelial cell ⌬ m using rhodamines or ratiometric probes have, in general, provided only indexes of relative changes, estimated from changes in fluorescence intensity (19, 24, 28, 43, 69) . A common pitfall in interpreting such data is that the logarithmic form of the Nernst equation specifies that changes in fluorescence intensity (and, for ratiometric dyes, ratios derived from such changes) are not linearly proportional to changes in ⌬ m (45) . In this context, the ratiometric dye 5,5=,6,6=-tetrachloro-1,1=,3,3=-tetraethylbenzimidazolylcarbocyanineiodide (JC-1) exists in a monomeric form, with an emission wavelength of 527 nm (green) when excited at 490 nm, but when the dye accumulates in polarized mitochondria, it forms aggregates associated with a large shift in emission wavelength to 590 nm (red) (20) . Changes in green-to-red fluorescence ratio have been useful in giving a semiquantitative picture of the impact of various stimuli on ⌬ m . However, aside from the apparently very few attempts that have been made to quantify the association between these ratios and ⌬ m in isolated mitochondria, the quantitative relationship between any given ratio change and the corresponding change in ⌬ m in millivolts in intact cells is not generally considered (20) . Our approach could be viewed as complementary to that of JC-1, wherein it would provide a means for quantitative interpretation of changes in green-to-red fluorescence ratios.
The values for ⌬ p obtained in the present study were Ϫ36 Ϯ 4 and Ϫ49 Ϯ 4 mV (means Ϯ 95% CI) using R123 and TMRE, respectively (Table 1) . Although reasonably close, the difference between the two may be attributable to the longer experimental time course needed to overcome the lower membrane permeability of R123 than TMRE (as represented by PS products in Table 1 ). Previous estimates of cultured bovine pulmonary arterial endothelial ⌬ p made using whole cell patch clamp have yielded mean values of Ϫ26 to Ϫ67 mV (1,  14, 29, 31, 62) . The variation may be attributable to differences in culture conditions or error arising from leakage currents (1, 14) . The issue of leakage currents has been addressed by rejecting cells displaying resting potentials below a set seal resistance, narrowing the range in values from Ϫ56 to Ϫ67 mV (1, 14, 29) . When comparing these values with those obtained in the present study, we must consider that the "whole cell" patch-clamp studies were carried out at room temperature, used estimated values based on reversal potentials, and involved rupturing the plasma membrane and cell dialysis with pipette solutions. In contrast, our studies were carried out at 37°C using a nondestructive protocol. In addition, patch clamp focuses on relatively small numbers of individual cells, which reveals heterogeneity within the population, while our approach is directed at entire cell populations (14, 15, 21, 31) .
Previous measurements of ⌬ m and ⌬ p using rhodamine dyes have commonly not taken into account that these dyes are also Pgp substrates (22, 34, 64, 65, 68) . For cell types that have few or no multidrug transporters, this may be of minimal importance, but multidrug transporters perform a key function in the pulmonary endothelium, which is in direct contact with blood-borne pharmacological, physiological, and toxicological substances. In the present study, the effect of increasing or decreasing K Pgp by 50% on the dye concentration in the mitochondria [R m ] would be a ϳ45% increase or ϳ40% decrease for R123 and a 12% increase or 8% decrease for TMRE. These effects could be misinterpreted to represent changes in ⌬ m and/or ⌬ p . This concept may be of particular importance in studying cell injury, which has been observed to affect Pgp protein levels in brain endothelial cells (52) .
Whereas inhibitors (e.g., GF-120918) and other treatments (e.g., CCCP and high K ϩ ) are presumed to affect predominantly their intended targets, their unintended effects may vary for different cell types or experimental conditions. For example, one question is whether the extracellular high K ϩ concentration needed to fully depolarize ⌬ p might also influence ⌬ m . There is evidence to suggest that if such an effect of high K ϩ is present, it is not dominant under the experimental conditions used. 1) The model can explain all the data, with and without high K ϩ , CCCP, and GF-120918 and for R123 and TMRE, without the need to allow for an effect of high K ϩ on ⌬ m . According to the concept of parsimony, there is therefore no basis for adding complexity (i.e., additional parameters) to the model. 2) Values of ⌬ m and ⌬ p are within the range of values reported for pulmonary endothelial cells, as discussed above. If we allow for a depolarizing effect of high K ϩ on ⌬ m in the model, the resulting simulations produce less negative values for ⌬ p, which are then less, rather than more, consistent with previously reported values. Farkas et al. (23) also asked whether Ͼ100 mM extracellular K ϩ used to distinguish effects of ⌬ m and ⌬ p on dye disposition in intact cell imaging studies was affecting ⌬ m . The relatively small amount of dye leakage from mitochondria observed in these high K ϩ conditions was attributed to depolarization of ⌬ p , rather than ⌬ m (23) . Thus interpretations of measurements of dye disposition within cells are associated with the same kinds of complexity as the [R e ] measurements of the present study.
Rhodamine dyes and other probes have been used in previous experimental and theoretical studies to simultaneously assess ⌬ m and ⌬ p in a variety of nonendothelial mammalian cell types (23, 55, 65, 66 (65, 66) developed an elegant computational model to interpret intracellular rhodamine dye fluorescence measurements in terms of transmembrane potentials for cultured cerebellar neuronal and granular cells. These studies (46, 50, 65, 66) accounted for the impact of ⌬ m , ⌬ p , membrane permeability, and mitochondrial volume fraction, but not for effects of Pgp, on dye disposition (46, 50, 65, 66) . In contrast to our approach, the latter modeling approaches relied on input of initial values for ⌬ m and ⌬ p obtained in separate studies. A MATLAB-based public web service, TOXI-SIM, was developed as a tool for implementing the model of Ward et al., the output of which is information on changes in ⌬ m and ⌬ p relative to fixed initial values (27) . The approach described in the present study may be viewed as complementary, in that it could provide initial values for the TOXI-SIM tool. This would allow for quantitative assessment of changes in pulmonary endothelial ⌬ m and ⌬ p , including those that occur under conditions in which changes are rapid relative to the time scale of the present studies.
In summary, we took several approaches to optimize utility of rhodamine dyes for assessing ⌬ m and ⌬ p in intact pulmonary arterial endothelial cells. Dye concentrations were maintained in the linear range of fluorescence intensity vs. concentration, overcoming many of the complexities associated with interpreting contributions of quenching and dequenching to the signals. Solid microcarrier bead cell cultures optimized the cell surface-to-medium volume ratio, maximizing the impact of the cells on substances in the medium. Additionally, since the cell-coated beads rapidly (within ϳ15 s) settle out of suspension, medium fluorescence measurements are made without exposing cells to light or requiring dissociation from the culture surface.
The advantages and limitations of the proposed strategy for quantifying membrane potentials in intact pulmonary endothelial cells depend, to some extent, on the question to be asked, and in many respects our approach can be viewed as complementary to other methods. For example, as previously discussed, the quantitative information revealed using our approach would be very useful in interpreting the semiquantitative information obtained using other probes, including ratiometric dyes (e.g., JC-1), or in providing input values for resting membrane potentials for the TOXI-SIM tool. For comparisons between methodologies, our approach involves the entire cell population, whereas microscopic observation of individual cells or fluorescence-activated cell sorting supplies more detailed information on membrane potential heterogeneity within a population. In the present study, mitochondrial volume was hypothesized to be constant, yet, depending on the conditions, it could be important to measure this volume, as has been done for model-based determinations of neuronal cell membrane potentials (46) . Finally, the present approach requires the use of inhibitors and high K ϩ , which may have nontargeted effects; however, such perturbations are commonly used in various other methods to quantify cell membrane potentials, including patch-clamp and microscopic studies (1, 20, 21, 23 ).
In conclusion, we present a unique strategy for quantifying the impact of various stresses and stimuli on membrane potentials in intact pulmonary endothelial cells. The strategy does not rely on prior knowledge of resting ⌬ m and ⌬ p to estimate the impact of perturbations on these parameters but, instead, produces actual parameter values in millivolts. Furthermore, this approach allows for quantitative assessment of various injurious conditions on the bioenergetic properties of pulmonary endothelial cells, as was demonstrated by the observations of the impact of chronic hyperoxic exposure on pulmonary endothelial ⌬ m .
APPENDIX
After addition of the dye along with GF-120918 and CCCP to high-K ϩ medium, the steady-state dye concentrations in Ve, V1, and V2 should be equal to that in the medium ( 
where ␤ is the ratio V2/V1.
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